Background and Purpose-White-matter hyperintensities (WMHs) detected by magnetic resonance imaging are thought to represent the effects of cerebral small-vessel disease and neurodegenerative changes. We sought to determine whether the spatial distribution of WMHs discriminates between different disease groups and healthy aging individuals and whether these distributions are related to local cerebral perfusion patterns. Methods-We examined the pattern of WMHs by T2/fluid-attenuated inversion recovery-weighted magnetic resonance imaging in 3 groups of subjects: cerebral amyloid angiopathy (nϭ32), Alzheimer disease or mild cognitive impairment (nϭ41), and healthy aging (nϭ29). WMH frequency maps were calculated for each group, and spatial distributions were compared by voxel-wise logistic regression. WMHs were also analyzed as a function of normal cerebral perfusion patterns by overlaying a single photon emission computed tomography atlas. Results-Although WMH volume was greater in cerebral amyloid angiopathy and Alzheimer disease/mild cognitive impairment than in healthy aging, there was no consistent difference in the spatial distributions when controlling for total WMH volume. Hyperintensities were most frequent in the deep periventricular WM in all 3 groups. A strong inverse correlation between hyperintensity frequency and normal perfusion was demonstrated in all groups, demonstrating that WMHs were most common in regions of relatively lower normal cerebral perfusion. Conclusions-WMHs show a common distribution pattern and predilection for cerebral WM regions with lower atlas-derived perfusion, regardless of the underlying diagnosis. These data suggest that across diverse disease processes, WM injury may occur in a pattern that reflects underlying tissue properties, such as relative perfusion. (Stroke. 2008; 39:000-000.)
W hite-matter hyperintensities (WMHs), as detected by T2-weighted magnetic resonance imaging (MRI), are present in many neurologic diseases and are frequent in healthy older individuals. [1] [2] [3] Age and hypertension are significant risk factors for increased WMHs in healthy aging (HA). 2, 4 Greater WMH burdens have been found in neurologic syndromes such as vascular dementia, cerebral amyloid angiopathy (CAA), and Alzheimer disease (AD) and mild cognitive impairment (MCI). [5] [6] [7] [8] It is unclear whether the increased volume of WMHs in these disorders is related to a shared etiology of the primary disease, an incidental secondary pathogenic process, or rather the superimposition of different types of WM damage exhibiting a common appearance on MRI.
Although MRI is sensitive in detecting pathologic changes in the WM, it is relatively nonspecific in distinguishing demyelination, axonal degeneration, lacunar changes, or inflammatory parenchymal alterations, eg, edema and inflammatory infiltrates. Histopathologic studies 9 -11 and more recent magnetization transfer imaging studies 12, 13 have shown that in healthy and disease conditions, WMHs are quite heterogeneous. In healthy older individuals, the vast majority of these hyperintensities are believed to be vascular in nature, purportedly resulting from ischemic and hypoxic chang-es. 4,14 -16 In CAA, the vascular deposition of amyloid leads to loss of vessel wall integrity and intracerebral hemorrhages (ICHs). 17 These changes in vascular structure or function may cause increased WM injury in these subjects as well. 11, 18 In AD and MCI subjects, it is unclear whether WMHs reflect a secondary vascular disorder or whether they are linked to a primary neurodegenerative pathology leading to secondary WM injury.
We sought to determine whether the spatial distribution of age-and disease-related WMHs depends primarily on the underlying clinical diagnosis or whether it reflects regional differences in the cerebral WM itself. In this retrospective, cross-sectional analysis, we examined the voxel-wise spatial distributions of MRI-detected WMHs in patients with CAA, AD/MCI, and nondemented HA subjects. These spatial distributions were compared statistically to determine regions of significant difference that were independent of differences in total WMH burden. We also used an atlas of normal cerebral perfusion to examine the relation between brain regions predisposed to develop WMHs and the normal pattern of regional perfusion.
Methods

Subjects
We studied subjects with a diagnosis of probable CAA (nϭ32) or AD/MCI (nϭ41) and nondemented HA subjects (nϭ29). AD/MCI and CAA subjects represent a subset of participants from a prior study with MRI data suitable for spatial analysis. 19 In brief, probable AD was diagnosed according to National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria, 20 MCI by the Peterson criteria, 21 and probable CAA by the Boston criteria. 22 Median global Clinical Dementia Rating 23 scores were 0.5 (25th and 75th percentiles, 0.5 and 0.5) and 1 (25th and 75th percentiles, 0.5 and 2) for the MCI and AD subjects, respectively. CAA subjects presented with ICH and, because of the confounding effects of the acute stroke, did not receive systematic cognitive testing at the time of scanning. HA subjects were recruited from the same community as our disease population through print advertisement and underwent a multistage screening procedure to exclude subjects with major vascular risk factors or other significant medical, neurologic, or psychiatric diseases, as described previously. 24 Twenty-nine subjects with Clinical Dementia Rating sum of boxes and global scores of 0 and a consensus diagnosis of normal cognition were selected. All subjects gave informed consent and were enrolled in institutional review board-approved studies.
MRI Acquisition and Analysis
All subjects underwent MRI examination of the brain at 1.5 T (Signa, General Electric Medical Systems, Milwaukee, Wis) that included a T2-weighted or fluid-attenuated inversion-recovery (FLAIR) sequence. HA subjects had dual-echo (proton density and T2-weighted) axial images acquired with interleaved sequences (repetition time/echo time/echo time [TR/TE/TE]ϭ3000/30/80 ms, 256ϫ256 matrix size, and 3-mm slice thickness). For AD/MCI and CAA subjects, whole-brain FLAIR axial images (TR/TEϭ10 000/ 140 ms, inversion timeϭ2200 ms) and fast spin-echo T2-weighted images (TRϭ6025 ms, TEϭ102 ms) were acquired in the axial plane with a 256ϫ256 matrix size, 5-mm slice thickness, and 1-mm gap.
A region of interest encompassing areas of supratentorial WMHs was created from T2-weighted or FLAIR MRI images through a combination of signal-intensity thresholding and manual editing with the use of MRIcro (www.mricro.com; University of Nottingham, Nottingham, UK). 19 Hyperintensity of the septum pellucidum, which is of doubtful pathologic significance, and of the area immediately adjacent to its connection with the corpus callosum was not considered as a WMH. A high interrater reliability of this method (intraclass correlation coefficientϭ0.98) 19 and a high correlation between WMHs measured on T2-weighted and FLAIR sequences (intraclass correlation coefficientϭ0.99) have been reported previously. 25 Because the presence of acute or chronic ICH can obscure the underlying brain parenchyma, these voxels were manually segmented and excluded from analysis. In addition, we excluded the ICH-involved hemisphere from the determination of total WMH volume, instead doubling the WMH volume of the uninvolved hemisphere in these cases, as previously reported. 19 To account for differences in head size, the WMH volumes were calculated in common space (ie, representing relative rather than absolute WMH volumes) after affine transformation described next.
Single-photon emission computed tomography (SPECT) images from 47 healthy individuals between the ages of 22 and 49 years (meanϮSD age, 34.3Ϯ7.6 years; 25 men) were obtained from a public repository maintained by the Society of Nuclear Medicine Brain Imaging Council (available at http://brainscans.indd.org/ brncncl4.htm). The SPECT imaging was acquired after intravenous injection of 1000 MBq of Tc-99m-ethylene cysteinate dimer (Neurolite, DuPont Pharma, Billerica, Mass) on a triple-headed Picker camera (Prism 3000, Picker International, Cleveland, Ohio). Raw images were reconstructed with use of a standardized low-pass filter (orderϭ4.0, cutoffϭ0.26), followed by global proportional scaling to a range of values from 0 to 1000 relative perfusion units. A mean atlas was calculated and transformed into Montreal Neurological Institute standard space 26 as described next. Central slices of the atlas, masked with the International Consortium of Brain Mapping WM probability atlas at a threshold of 0.75, are presented in Figure  1 to illustrate the inhomogeneity of perfusion within the WM. Atlas-derived perfusion for WM ranged from 287 to 903, with a mean perfusion of 537.
The Centre for Functional MRI of the Brain's Linear Image Registration Tool 27 was applied with 12 degrees of freedom and a mutual information criterion to calculate affine transformations for each subject's MRI images. Registration quality was ensured with visual inspection of transformed subject images. The transforms were used to resample the WMH segmentations into Montreal Neurological Institute space for spatial distribution analysis. The SPECT perfusion atlas was resampled into the native space of each individual subject by applying the inverse transformation for comparison of regional atlas-derived perfusion differences between WMHs in each of our subject cohorts.
WMH frequency maps were calculated for each group to indicate the WMH prevalence at each voxel (ie, a value of 0.50 would indicate that 50% of subjects in that cohort had WMHs in that anatomic location [voxel] after transformation to common space).
Normal perfusion values, derived from the SPECT atlas, were extracted for each voxel in the frequency maps for each cohort. Finally, the atlas-derived perfusion values were also extracted for each voxel identified as a WMH in all individual subject segmentations.
Statistical Analysis
Total WMH volumes were calculated for each disease group and compared by Student's t test. To identify anatomic regions with significantly different WMH prevalence, frequency maps for the HA, AD/MCI, and CAA cohorts were compared by voxel-wise logistic regression. Logistic regression was performed on the binary WMH segmentations (where 1ϭWMH) for each voxel in which a WMH was identified in at least 1 subject. The dependent variable was the presence or absence of a WMH in that voxel for each subject, and the independent/predictor variable was disease group either alone or together with total WMH volume. Descriptive statistics and the nonparametric Kruskal-Wallis test were used to compare the atlasderived WMH perfusion values between the 3 cohorts. The relation between WMH frequency and normal atlas-derived perfusion was assessed by Pearson's correlation. A probability value threshold of 0.05 was used to define statistical significance, with correction for multiple comparisons where appropriate.
Results
All subjects demonstrated multifocal T2 hyperintensity in the cerebral WM. Subject demographic and quantitative MRI characteristics for the HA, AD/MCI, and CAA cohorts are reported in Table 1 . The sex distribution did not differ between the groups; however, we found an age difference between the disease groups (ANOVA Pϭ0.04), in which the AD/MCI group was slightly older than the HA group (post hoc Pϭ0.04). WMH volume was significantly lower in the HA cohort compared with both the AD/MCI and CAA groups (PϽ0.001 and PϽ0.0001, respectively) but did not differ between AD/MCI and CAA groups (Pϭ0.19). Interhemispheric WMH volumes were highly concordant in the 10 CAA subjects without ICH (rϭ0.99), in the HA cohort (rϭ0.98), and in the AD/MCI (rϭ0.96) cohort. Total WMH volume was significantly greater in subjects with coronary artery disease (Pϭ0.004), a history of hypertension (Pϭ0.01), and a history of ischemic stroke (Pϭ0.012) but did not differ with respect to diabetes.
WMH frequency maps were generated for each of the 3 groups to visualize the spatial distributions of WMHs ( Figure   Figure 1 . Atlas of normal cerebral WM perfusion. SPECT perfusion atlas generated from 47 healthy adult volunteers was masked by a coregistered WM probability atlas. (A conservative threshold of 0.75 was used for illustrative purposes only.) Perfusion values are indicated by the color bar, in which red indicates higher relative perfusion (scale, relative perfusion units). Values are n and (%). All volumes are in milliliters. *Total WMH in the CAA cohort was estimated by doubling the non-ICH hemisphere, as previously validated. 19 2). WMHs in HA subjects were multifocal and distributed around the frontal and posterior horns of the lateral ventricles as well as in the parietal WM. These same regions were more extensively affected in the disease groups, with voxels of WMH present in Ͼ60% of subjects in the AD/MCI and CAA groups. WMHs were less frequent in the juxtacortical, subcortical, and deep WM, though again more common in the AD/MCI and CAA groups than in HA.
Voxel-wise logistic-regression analysis with and without controlling for total WMH volume was performed to yield probability value maps, displayed with a threshold for statistical significance. Figure 3 demonstrates several small clusters of significant difference between either the AD/MCI or CAA group and the HA. These regions were absent, however, when controlling for the confounding effects of total WMH load. Therefore, observed differences in the frequency distributions ( Figure 2 ) can be accounted for by differences in WMH burden; ie, subjects with the same total WMH volume would have the same spatial pattern regardless of their diagnosis. The additional confounds of age, diabetes, and history of stroke, hypertension, or coronary artery disease were also evaluated in logistic-regression models and were found to not be significantly associated with voxel-wise WMH location.
Finally, we analyzed the distribution of WMHs in the context of normal atlas-derived cerebral perfusion patterns. Normal perfusion values derived from the SPECT atlas were extracted for all WMH voxels present in Ͼ10% of subjects in each subgroup. The perfusion of these regions was significantly different in the 3 cohorts (Kruskal-Wallis test PϽ0.0001), with the median perfusion value being lowest in the HA group and highest in the CAA group ( Table 2) . The relation between WMH frequency and normal atlas-derived perfusion is presented in the histogram in Figure 4 and demonstrates a strong inverse correlation for all subjects (rϭϪ0.54, PϽ0.001). This finding was consistent within each of the cohorts as well, though slightly weaker in the HA group (HA rϭϪ0.38, AD/MCI rϭϪ0.52, CAA rϭϪ0.50; PϽ0.001 for all correlations), thus illustrating that WMHs are more likely to be present in regions of cerebral WM with lower relative perfusion, at least in the normal brain.
Discussion
This analysis sought to compare the distribution of WMHs, an MRI marker of damage in the cerebral WM, in subjects diagnosed with CAA and AD/MCI and nondemented HA individuals. Although global WMH volumes were considerably greater in CAA and AD/MCI than in HA subjects, we found a common spatial pattern of hyperintensities, consistent with the recent finding of similar distributions in regionbased approaches in HA and AD. 6, 7 We further demonstrated, using an atlas of normal cerebral perfusion patterns, that WMHs in all disease groups show a predilection for regions of WM that normally have lower relative perfusion. We believe that this is the first study to examine how the normal regional variability in WM perfusion influences the distribution of WMHs.
WMH frequency distributions demonstrated a predilection for deep periventricular WM regions, specifically, areas around the frontal and posterior ventricular horns. This pattern was maintained even in HA subjects, in whom the overall burden of WMHs was substantially lower. Logisticregression analysis controlling for total WMH volume showed the overall spatial pattern of hyperintensity to be conserved in all 3 groups. There was no evidence of a disease-specific anatomic distribution of WMHs, such as a specific CAA-related pattern of posterior WMHs that might have been predicted from the posterior predominance of CAA pathology and CAA-related hemorrhages. 28, 29 We also did not observe an AD-associated increase in WMHs in posterior periventricular WM and the splenium of the corpus callosum, as was recently reported, 8 despite study populations that were similar in terms of age, sex, and cognitive impairment. However, although recruitment of their healthy controls was not detailed, our HA subjects were more normal. Furthermore, their study did not control for the increased total burden of WMHs in AD, potentially accounting for the discordant findings of our analysis.
There are several possible hypotheses regarding the common pattern of WMH distribution across disease groups. Whereas our subject groups were selected for their presumed distinct pathologic mechanisms of WM damage, it is possible that these processes converge to cause a common pattern of WMHs, perhaps by altering cerebral perfusion. An alternative possibility is that particular brain regions, such as the frontal and posterior horns of the lateral ventricles, are predisposed to WMHs by regional properties, such as normally lower or more easily compromised regional perfusion. This possibility is supported by the present study, in which a strong inverse correlation between WMH frequency and normal, atlasderived perfusion values was demonstrated.
In CAA subjects, WMHs present in normally betterperfused regions of WM presumably reflect CAA-related The blood supply of the cerebral WM is unique and may contribute to regional susceptibility to damage. The major cerebral arteries give off long, penetrating arteries that pierce the cortex and travel deep into the WM. These vessels do not undergo arborization to form a complex branching network but rather give off small, perpendicular arteries that supply cylindrical WM regions. 37, 38 The periventricular WM is primarily supplied by branches of the subependymal arteries that arise from the ventriculostriate arteries. 38 Anastomoses between these vessels and the penetrating arteries from the cortical surface are either very rare or completely nonexistent. 39 Periventricular WM therefore constitutes a watershed territory particularly susceptible to ischemic events resulting from either local or systemic variations in circulation. A likely cause of diminished blood flow with aging is arteriosclerosis; however, increasing age also leads to increased tortuosity and lengthening of these vessels, which may contribute to hypoperfusion. 40 The SPECT atlas used for these analyses was intentionally derived from healthy younger subjects rather than from WMH study subjects. The rationale for this choice was to explore the healthy baseline environment in which WM damage eventually occurs. Conversely, in perfusion studies of older subjects, 41, 42 it is unclear whether the observed changes in perfusion occur before WMH development and contribute to their pathogenesis or whether they occur after WMHs, therefore resulting from associated tissue damage. We therefore derived our atlas from subjects who were Ͻ50 years of age, in whom we would expect few incidental WMH lesions, to examine how normal regional perfusion variability relates to WMH distribution.
The cross-sectional nature of the present work prohibited direct observation of the accumulation and evolution of WMHs in the context of normal perfusion patterns, as noted earlier. Although our study sought to answer a different question than studies acquiring in vivo perfusion, such data would have enabled additional analyses, such as between actual and atlas-derived perfusion patterns. In this retrospective study, differences existed in the data acquisition parameters for the MRI scans. However, we have previously demonstrated the reliability of segmentations from T2 and FLAIR images. 25 Furthermore, we attempted to minimize these effects by applying a strict manual segmentation algorithm, performed by a single individual (M.E.G.), to ensure consistency in WMH identification. Our study focused on WM damage visible on structural MRI scans, but significant WM damage beyond detected lesions has been found on diffusion-weighted MRI. 43 Future studies should compare the distribution of focal and diffuse damage in the context of normal perfusion. Finally, WM perfusion is one third that of gray matter, and this limits the sensitivity of perfusion methods. However, there was significant variance in our atlas to examine relative regional differences.
The present study raises the possibility that regional susceptibility may be a stronger determinant of WMH occurrence than the underlying disease process. Future studies should address whether regional WM vulnerability results from increased occurrence of damage or diminished tissue repair capacity in these regions, both of which may be modulated by the level of perfusion. Given the increasing focus on cognitive and neurologic effects of WMHs, 44 -46 another key area for study will be the relation between regional WM vulnerability and the anatomic connections by which WM tracts participate in higher cortical function.
Summary
The results of this exploratory, retrospective study suggest that regional variability in the normal pattern of cerebral perfusion influences the distribution of WMHs.
